We have developed a computational method for the de novo design of hydrophobic cores of proteins and tested it experimentally. The method is composed of a pair of programs, (i) to optimize side-chain conformations using an updated rotamer library for potential hydrophobic residues, based on the backbone structure of the protein of interest, and (ii) to estimate changes in Gibbs free energies between the folded and unfolded structures of the optimized sequence. Using these programs, we have engineered several variants of Thermus flavus malate dehydrogenase. To quantitate the stability change in each variant, the circular dichroism spectra of the proteins were measured as a function of guanidine hydrochloride concentration and ∆∆G H 2 O values of the proteins were determined by extrapolation of the experimental data. However, variants with double replacements showed different denaturation cooperativity from that of the wild type and therefore it was difficult to simply compare the theoretical and experimental stability of each variant using calculated ∆∆G and experimental ∆∆G H 2 O values. When the calculated ∆∆G values were compared with those at 3.5 M guanidine hydrochloride, which was the transition midpoint obtained from the denaturation curve of the wild type, good correlation was observed.
Introduction
One of the main objectives of protein engineering is to increase protein stability. Protein engineering studies on the structurestability relationship of thermophilic proteins have provided some useful guidelines and methods for the study of protein stability (Fontana, 1991) . In fact, a number of successes in the stabilization of proteins were achieved by mutations in hydrophobic cores (Yutani et al., 1987; Garvey and Matthews, 1989; Daopin et al., 1991; Eijsink et al., 1991; Ishikawa et al., 1993; Jackson et al., 1993; Kim et al., 1993; Otzen et al., 1995) . The mechanism of stabilization, however, is not always well understood. In most cases the changes in stability were explained by the free energy of transfer from water to an organic solvent, or by the difference in the side-chain solvent accessible area between the wild type and the mutant. In some cases, however, no correlation was observed between the changes in the free energy of folding and the changes in the free energy of transfer associated with the substitution (Garvey and Matthews, 1989) . This discrepancy suggests that the changes in protein stability caused by mutations do not only depend on the changes in the free energy of transfer associated with the substitution. They also depend on the structural context within which the mutation occurs and the ability of the surrounding structure to relax in response to the substitution (Daopin et al., 1991) .
Using a computational approach, free energy calculation based on the detailed atomic models, which was coupled to the semi-empirical force field, has been used to predict the changes in stability (Basch et al., 1987; Dang et al., 1989; Tidor and Karplus, 1991; Simonson and Brünger, 1992; Ponnuswamy and Gromiha, 1994) and specificity (Honda et al., 1996) upon a single mutation. However, this strategy is not applicable to a protein with many mutations because the calculation consumes much computer time. This has prompted us to develop faster and more simplified methods.
It is true that improving the packing in the core does not always increase the stability of proteins. Although large-tosmall mutations generally decrease the stability of proteins (Kellis et al., 1989; Eriksson et al., 1992; Serrano et al., 1992; Jackson et al., 1993) ; also, small-to-large mutations often decrease the stability due to the introduction of strains and/or unfavorable van der Waals contacts (Karpusas et al., 1989; Sandberg and Terwilliger, 1989; Lim and Sauer, 1991; Hurley et al., 1992; Lim et al., 1992; Baldwin et al., 1996) . This implies that the specific packing is an important factor in protein stability. Several simplified computational methods have been successful in predicting sequences that will lead to a properly packed hydrophobic core (Ponder and Richards, 1987; Hellinga and Richards, 1994; Kono and Doi, 1994; Desjarlais and Handel, 1995; Dahiyat and Mayo, 1996) , while others have succeeded in predicting stability (Lee and Levitt, 1991; Lee, 1994) and substrate binding affinity (Wilson et al., 1991) of mutant proteins by considering hydrophobic packing. The contribution of packing to stability has been well reviewed by Lim and Richards (1994) and Baldwin and Matthews (1994) . Thus packing is considered to be one of the most important factors in determining and predicting the structurestability relationship of proteins. However, a more general and simple method for predicting a sequence giving optimal hydrophobic core packing has not yet been developed.
In this paper, we describe a new computational method which can predict sequences with high stability by considering side-chain packing of the hydrophobic core, hydration and side-chain entropy. We also constructed several variant proteins and compared experimentally-determined stability with the stability calculated by our programs.
Materials and methods

Selecting sequences for tight packing
The first program produces sequences compatible with the wild-type backbone geometry based on the automata network method (Kono and Doi, 1994) . Using this program, a set of amino acid sequences and their side chain conformations which could achieve a tight packing can be predicted by random jumps in the sequence and conformational space of hydrophobic amino acids such as Ala, Val, Leu, Ile, Met and Phe. For the side-chain conformations at each position, an updated rotamer library (Kono and Doi, 1996) was used augmented with the rotamer observed in the crystal structure of Thermus flavus malate dehydrogenase (tMDH) (PDB code 1BMD).
Description of sequences in terms of free energy
The second program estimates the Gibbs free energy difference between a newly designed sequence and the wild type. The energy calculations include terms for hydration, side-chain entropy, bond energy and non-bonded energy. Fifty sets of sequences were obtained after 1000 runs that each started from a random initial state.
The stability of a sequence i is given by the difference in free energy ∆G H 2 O (i) between the native state N and the unfolded state U:
where ∆E salvation N⇒U (i), ∆E entropy N⇒U (i), ∆E nb N⇒U (i) and ∆E nb N⇒U (i) represent the differences in solvation, entropy, non-bonded interactions and covalent bonds between the unfolded and native states of the protein, respectively. The energy difference between two sequences i and j is:
The contribution of the solvation term to the folding energy of a sequence i (n residues long) is:
where g k is the free energy of transfer between gas and water taken from Ooi et al. (1987) and A U and A N are solventaccessible surface areas in the unfolded state and in the folded state, respectively. The area was calculated using the program developed by us based on the algorithm of Perrot et al. (1992) . The contribution of the solvation term to the energy differences of the sequences becomes:
Here we used an extended form for the unfolded protein.
The loss of entropy on formation of the folded protein makes an important contribution to the stability of a protein.
Since neither glycine nor proline was being considered in this study, the main chain entropy was assumed to be unaffected by the sequence changes. Loss of side-chain entropy on burial is reflected by the degrees of rotational freedom in the native and unfolded state of all the side chains. Since all side chains were fully buried in this simulation, the side-chain entropies in the folded state were assumed to be zero. The entropies in the unfolded state were taken from Sternberg and Chickos (1994) . Therefore changes in entropy are where S k (i) is the entropy of the k-th residue in sequence i. The coulombic interaction term could be ignored since only uncharged residues were used in this study. The differences in stability of the sequences due to the non-bonded interactions were determined by only the van der Waals interactions:
is obtained directly from a 6-12 potential with parameters obtained from the AMBER 3A force field (Weiner et al., 1984) . Here, ∆E vdw U (i ⇒ j) is assumed to be zero because this interaction is mostly included in the solvation term. The energy of covalent bonding is assumed to be identical in both folded and unfolded states, so that ∆∆E bond N⇒U (i ⇒ j) ϭ 0. Selection of hydrophobic core tMDH is a dimeric enzyme consisting of 327 amino acids. Its structure forming eleven helices and twelve strands was determined at 1.9 Å with an R-value of 0.154 (Kelly et al., 1993) . At least four major hydrophobic cores were found in a single subunit of tMDH on its computer graphics. Of the four cores, we selected the core including L166 as the target for this study because it was already known that replacement of L166 by other hydrophilic amino acids dramatically decreases the thermal stability (unpublished data). This core is composed of 11 hydrophobic residues, A162, L166, A167, I177, M180, L194, A197, V199, A204, V208 and F217 (Figure 1 ). These residues are buried and their solvent accessibility is at most 7%.
Mutagenesis and purification of tMDH
We performed mutagenesis using the Kunkel method (Kunkel, 1985) using three synthetic oligonucleotides, which are 5Ј-CAAGGCCCAGATGGCCAAGAAG-3Ј for the L166M mutation, 5Ј-CGGGCGTCGAGCGCATGCGCCGCATG-3Ј for I177L, and 5Ј-CAGGCCGAGATCGATGGCAGG-3Ј for V199I. Combinations of the three oligos were used to produce the seven mutants L166M, I177L, V199I, L166M/ V199I, L166M/I177L, I177L/V199I and L166M/I177L/ V199I. The resulting nucleotide sequences were confirmed by the M13 dideoxy chain termination method (Sanger et al., 1977; Messing and Vieira, 1982) with a DSQ-1000 DNA sequencer (Shimadzu Co., Kyoto). The mutated genes were cloned into the expression plasmid pUC18, introduced into Escherichia coli JM105, and induced with isopropyl β-D-thiogalactopyranoside (IPTG) at a concentration of 100 µM. The cells were disrupted by sonication and centrifuged at 10 000 g for 30 min. The supernatant was kept at 70°C for 30 min, and the precipitates were removed by centrifugation in the same manner. The supernatant was applied to a column (2ϫ15 cm) of Blue Sepharose CL-6B, and the enzyme was eluted with a linear concentration gradient of 0-0.5 M NaCl. The eluted active fraction showed a single protein band of the malate dehydrogenase monomer upon SDS-PAGE. Circular dichroism spectra measurement All circular dichroism (CD) spectra were measured with a JASCO J-720 spectropolarimeter between 205 and 250 nm using a protein concentration of~20-800 µg/ml in 20 mM phosphate buffer (pH 7.0) containing 10 mM EDTA and 0.1 mM DTT at 25°C. The average spectrum of eight scans from 205 to 250 nm was recorded as the CD spectrum of each variant. Equilibrium measurements were made after all changes in the spectroscopic property were completed.
Thermodynamic functions upon denaturation
The changes in the CD spectra at 222 nm of the proteins were compared by normalizing each transition curve to the apparent fraction of the unfolded form F app :
where Y is the observed extinction coefficient, namely the molar ellipticity at a given guanidine hydrochloride (GuHCl) concentration. Y N and Y U are observed values for the native and unfolded forms, respectively, at the same denaturant concentration. A linear dependence of Y on the denaturant concentration was observed in both the native and unfolded base-line regions. Linear extrapolations from these base lines were made to obtain estimates of Y N and Y U in the transition region. Thermodynamic parameters were extracted from the dependence of F app on the GuHCl concentration. This was done by assuming that the unfolding reaction follows a two-state model N 2U (8) where N is the native dimer and U is the unfolded monomer. The equilibrium constant K can be expressed as
where
Given that ∆G ϭ -RTlnK and assuming that ∆G and m is a fitting parameter that reflects the cooperativity of the unfolding transition.
Results
Design of sequences and their calculated stability
Our programs predicted tMDH variants with a new amino acid at 11 different positions. Interestingly, most of the variants giving high stability possessed variations only at three positions, 166, 177 and 199, but had the same amino acid residues as those of the wild type at the other eight positions. The three mutated sites are spatially very close to each other, and their side-chains are almost buried within the protein and inaccessible to solvent. The calculated energy components are shown in Table I . The best score of the free energy (2.72 kcal/mol) was obtained for the single variant V199I. The variant V199I was expected to be more stable than the wild type due to the favorable van der Waals contacts. In contrast, the variant I177L, where ∆∆E entropy and ∆∆E solvation were both nearly zero, was expected to be less stable due to the loss of specific packing and due to the unfavorable van der Waals contacts (∆∆E nb ϭ -1.54 kcal/mol). For I166M/V199I and I177L/V199I, unfavorable van der Waals clashes occurred around the mutation sites. Mainly as a result of these clashes, our calculation results show that I166M/V199I and I177L/V199I will become less stable. Moreover, the replacement of small to large side chains sometimes buried polar parts of surrounding residues so that the hydration term ∆∆E solvation was not always positive (∆∆E solvation ϭ -0.97 kcal/mol for I166M/V199I). 
Global structures of tMDH variants
We constructed the mutated tMDH genes for the expression of the seven variants, L166M, I177L, V199I, L166M/ I177L, L166M/V199I, I177L/V199I and L166M/I177L/V199 and obtained only four variants, I177L, V199I, L166M/V199I and a Average value of ∆G H20 's in Table II . b GuHCl concentration. c The experimental ∆∆G values at 0.0 M were calculated from ∆∆G ϭ ∆G (mutant) -∆G(wild) using the values in the second column. ∆∆G values at 3.5 M were calculated from the extrapolated lines shown in Figure 5 . d ∆∆G bur values were calculated from the method based on the solvent accessible surface area using a coefficient of 24 cal/mol/Å 2 (Chothia, 1974; Miller et al., 1987) .
I177L/V199I. The other three variants with replacement of Leu by Met at position 166 were not expressed for an unknown reason. CD spectra were measured for all the four variants at about 100 µg/ml (Figure 2 ). The CD spectra were almost identical to that of the wild-type enzyme, suggesting that the mutations did not cause great distortion of the enzyme structure.
Stability of tMDH variants
We next analyzed the stability of the variants using GuHCl as denaturant. After denaturation with 6 M GuHCl, all proteins, including the wild type, could be refolded correctly by successive dilution of the denaturant as was indicated by a molar ellipticity and activity identical to those of the untreated enzymes (data not shown). Since tMDH is a homodimer, the apparent stability should depend on the protein concentration. Figure 3 shows that as the protein concentration is increased, the midpoint of the unfolding transition is shifted to higher denaturant concentration. This is consistent with the two-state model (N↔). If denaturation curves were described by a threestate model (N↔2M↔2U, where N, M and U were the native dimer, folded monomer and unfolded monomer, respectively), biphasic denaturation curves might be observed, for example, as was the case for the dimeric aspartate aminotransferase (Herold and Kirschner, 1990) . However, it was not observed in the case of tMDHs, suggesting the folded monomer is not significantly populated during unfolding. We therefore calculated the free energy change between the native state and the unfolded state in the absence of denaturant using a twostate model (N↔2U). For each mutant, the values of ∆G H 2 O at different concentrations fell within the experimental error (Table II) .
To quantitate the change in the stability of each variant, CD spectra were measured as a function of GuHCl concentration. The value of ∆G H 2 O and the slope (m) of the denaturation curve (an index for denaturation cooperativity) were estimated by fitting Equation 10 against the experimentally obtained F app . The ∆G values of the variants in the absence of water (∆G H 2 O ) were obtained by extrapolation from the experimental data as was the case for the usual stability analyses with GuHCl as denaturant. When the values were compared with that of the wild type, three variants, V199I, L166M/V199I and I177L/V199I, were shown to be more stable than the wild type (Table III) . However, these values might not correctly reflect the changes in the stability itself especially when the m values were different between the wild type and the variants, 51 because the ∆G H 2 O values were obtained by extrapolation from the experimental data which were analyzed in the range of GuHCl (2-4 M) and because the slopes of the extrapolated lines are significantly different from each other (e.g. -2.8 and -7.1 kcal/mol/M for the wild type and I177L/V199I, respectively) (Figures 4a and b and 5). We therefore reestimated the ∆G values around the transition mid-point (3.5 M GuHCl) in denaturation. In this evaluation, experimental and calculated ∆∆G values coincided well with each other except for one variant V199I (Table III) . In any case, all the mutants were less stable than the wild type under these conditions in the presence of 3.5 M GuHCl.
Discussion
Several algorithms for predicting mutational effects on protein stability have been developed (for example, Lee and Levitt, 1991; Lee, 1994; Hellinga and Richards, 1994; Desjarlais and Handel, 1995; Dahiyat and Mayo, 1996) . Most of these methods concentrate on the packing energy of the folded state, ignoring mutational effects on the unfolded state. In this paper, we described a new method that combined the mutational effects of the folded and the unfolded state of protein. Additionally, we applied our method to a dimeric enzyme, tMDH.
We chose one core of the enzyme composed of 11 hydrophobic residues for evaluating our programs. Interestingly, most of the amino acid residues were invariant to give a high score on stability and only three positions were changeable. The fact that the programs did not produce dramatically altered sequences suggests that the wild-type sequence is naturally designed to show high stability in the given backbone conformation.
We also calculated ∆∆G using the commonly used algorithm first suggested by Chothia (1974) and compared them with the ∆∆G values calculated by our programs (Table III) . His method estimates ∆G based on the differences in the solvent-accessible surface of the side chain between an extended Gly-X-Gly and its folded form (Miller et al., 1987) . As shown in Table III , the values (∆∆G bur ) for I177L and V199I agreed with the experimental values. However, for the variants with double replacements, this method could not be applied to give correct ∆∆G values. This suggests that we have to consider mutation effects on both the specific side-chain packing and the unfolded state, as shown by our method.
Normally, there are two possible ways of evaluating the stability of proteins with denaturant; one is calculating the free energy of unfolding without denaturant and the other is dealing with the free energy at the transition mid-point. These parameters usually give the same conclusion on the protein stability. However, this is true only when all the proteins analyzed show similar denaturation cooperativity (m), whereas there are numerous examples where m does change (Shortle and Meeker, 1986; Shortle et al., 1990; Wynn and Richards, 1993) . Although it was difficult to interpret the stability of proteins with different m values, a number of proteins with different m values were also analyzed around the transition mid-point (Shortle and Meeker, 1986; Shortle et al., 1990; Jackson et al., 1993; Otzen et al., 1993; Wynn and Richards, 1993) . When the effect of the mutations was analyzed by a computer-aided method, calculation was in general carried out by assuming a fixed backbone, because the overall structure of proteins did not change by a point mutation. However, in some instances, the mutation changed the local backbone geometry (Buckle et al., 1993 (Buckle et al., , 1996 Baldwin et al., 1993 Baldwin et al., , 1996 . DeFilippis et al. (1994) developed a statistical method for predicting structural changes upon point mutation. Though it is not clear at present if their method can be applied to multi-mutation, such a method that allows backbone movement will be important for better understanding of protein stability. Cardle and Dufton (1994) presented a method of identifying the significant residues in protein tertiary structures. By combining this method with ours, it may be possible to search for potentially changeable residues and to design a new sequence with high stability.
In conclusion, we have developed programs which may be useful tools for the design of sequences with optimal stability given the three-dimensional framework of a protein. It is true that side-chain packing is an important factor of protein stability, because mutations aimed at increasing hydrophobicity in the core without considering side-chain packing normally destabilize proteins by partially disrupting the hydrophobic core. However, our results show that differences in hydration and entropic contributions, which come mostly from the denatured state, cannot be ignored in quantitative predictions.
